Summary. Neurosensory abnormalities have been implicated in the first stages of diabetic retinopathy. The activity of retinal ganglion cells in 24Type I (insulin-dependent) diabetic patients with short disease duration without retinopathy on fluorescein angiography was investigated by using a pattern electroretinogram in response to sinusoidal gratings of different spatial frequencies (0.6, 1.0, 1.4, 2.2, 4.8 cycles/deg), counterphase modulated at 8 Hz. The pattern electroretinogram reflects, at least in part, the activity of subsets of generators (i. e., ganglion cells) which show spatial selectivity. Mean pattern electroretinogram amplitude was significantly reduced in patients at lower and intermediate, but not at higher spatial frequencies compared with 40 agematched control subjects. At 1.4 cycles/deg the pattern electroretinogram amplitude was significantly correlated (r = 0.59) with age at onset (p = 0.002) and duration of disease (p = 0.002). Our results suggest that in Type i diabetic patients without retinopathy, there is an early sensory deficit of specific inner retina neurons which respond preferentially to gratings of medium and large size.
Summary.
Neurosensory abnormalities have been implicated in the first stages of diabetic retinopathy. The activity of retinal ganglion cells in 24Type I (insulin-dependent) diabetic patients with short disease duration without retinopathy on fluorescein angiography was investigated by using a pattern electroretinogram in response to sinusoidal gratings of different spatial frequencies (0.6, 1.0, 1.4, 2.2, 4.8 cycles/deg), counterphase modulated at 8 Hz. The pattern electroretinogram reflects, at least in part, the activity of subsets of generators (i. e., ganglion cells) which show spatial selectivity. Mean pattern electroretinogram amplitude was significantly reduced in patients at lower and intermediate, but not at higher spatial frequencies compared with 40 agematched control subjects. At 1.4 cycles/deg the pattern electroretinogram amplitude was significantly correlated (r = 0.59) with age at onset (p = 0.002) and duration of disease (p = 0.002). Our results suggest that in Type i diabetic patients without retinopathy, there is an early sensory deficit of specific inner retina neurons which respond preferentially to gratings of medium and large size.
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Type i (insulin-dependent) diabetic patients may exhibit visual dysfunctions which can be detected by means of psychophysical (contrast sensitivity) [1] [2] [3] and electrophysiological (visual evoked potentials (VEPs) and electroretinogram (ERG) [4 -9] techniques. Stimuli generally employed in clinical tests are periodical patterns (gratings or checkerboards) of variable spatial frequency (i. e., the number of light-dark cycles subtended in one degree of visual angle) which are presented either statically or dynamically (i. e., alternating at constant mean luminance) at threshold (for contrast sensitivity testing) or suprathreshold (for VEPs and ERG recording) contrast. Neurosensorial deficits have been reported as affecting responses to a restricted range of spatial frequencies, indicating a selective vulnerability of the visual system to diabetes. The primary site of metabolic and/or vascular damage in diabetes is probably located in the postreceptoral retina [5] .
The ERG evoked by alternating gratings reversing in contrast at a constant mean luminance (pattern ERG, P-ERG) had been clinically employed to evaluate macular function [10, 11] . P-ERG is a focal response that is thought to be correlated, unlike the more conventional luminance-evoked (flash) ERG, with ganglion cell activity [10, 12] . Experimental [13] and clinical [11, 14, 15 ] studies recentty demonstrated that P-ERG was altered in cases of ganglion cell dysfunctions, whereas the flash-ERG was normal. The P-ERG technique may therefore provide a direct index of inner retina function of directly stimulated retinal area. P-ERG properties depend on the spatial characteristic of the stimulus [11] . In particular, the response displays spatial selectivity with a maximum amplitude at intermediate spatial frequencies and attenuation at higher and lower ones [10] [11] [12] 16] . This response pattern distinguishes, at least in part, different subpopulations of retinal ganglion ceils which preferentially respond to specific spatial stimuli.
To evaluate the integrity of the ganglion cell subsystems in Type 1 diabetic patients without retinopathy, P-ERG as a function of spatial frequency was used.
Subjects and methods

Subjects
The study included 24 Type 1 diabetic patients. The patients (1linen, 13women) aged fiom 11 to 29years (mean +_ SEM, 19.5 + 0.6 years) and showed no retinopathy. The average disease duration was 3.4 + 0.3 years. The mean HbAlo value was 6.5 -+ 0.2% logical noise at the reversal frequency, obtained with the monitor covered by a piece of white cardboard, was 0.09 + 0.05 gV.
A fasting blood sample to measure HbAlc values was drawn from each patient in the morning. HbAI0 was assayed by HPLC with 5.8% as the upper limit of the normal range. Before inclusion in the study, all patients received a general ocular examination including direct and indirect ophthalmoscopy and slit-lamp biomicroscopy. Colour fundus photographs and fluorescein angiography of both eyes were also performed. None had other ocular or systemic diseases or were receiving medication. No retinopathy and/or macular oedema were found in any case. The best-corrected visual acuity was 20/20 or better. Refractive errors, when present, were below + 1.00 diopters, and were fully corrected during the P-ERG recording. Diabetic patients were tested after eating to avoid hypoglycaemia. Informed consent was obtained from each subject after the nature of the test and the study were fully explained.
Methods
Fluorescein angiography was performed with a Kowa (Pro I 50 ~ fundus camera after rapid injection of 5 ml of 10% fluorescein sodium into the antecubital vein. Angiograms were taken with ASA 400 black-and-white film.
Visual stimulus consisted of light and dark vertical bars with a sinusoidal prone at different spatial frequencies (0.6, 1.0, 1.4, 2.2, and 4.8 cycles/deg; fixed contrast, 56%). Gratings were generated electronically on a high-resolution television monitor (stimulus field, 24 x 14 cm; mean luminance, 100 cd/m 2) and modulated (sinusoidally) in counterphase at a temporal frequency of 8 Hz (Fig. 1) . The monitor was peripherally covered by a large eqniluminant white cardboard (70 x 70 cm) in a way that left a central rectangular portion that represented the stimulating field. Subjects with natural pupils, monocularly maintained fixation on the centre of the stimulating field from a 57 cm viewing distance. Pupil sizes were measured and no differences were observed between diabetic patients and control subjects. P-ERGs were recorded by a small silver disc taped over the skin of the lower eyelid. An identical electrode placed over the contralateral eyelid of the unstimulated eye was used as a reference (interocular P-ERG [12] ). Retinal signals were bandpass filtered between i and 30 Hz ( -6 dB/oct), amplified 100,000-fold and averaged (more than 300 events) by an IBM PC/XT computer (12 bit resolution; 0.5 ms sampling rate) with rejection of single sweeps disturbed by artifacts (blinks, eye movements, or head movements). Fourier analysis (Discrete Fourier Series [17] ) of the averaged response was performed off-line by the same processor to mathematically isolate the main harmonic component (second harmonic: twice the stimulation frequency). The peak-to-peak amplitude of this component was measured in microvolts and plotted as a funetion of the stimulus spatial frequency. Each test was repeated twice; the average amplitude variation between the two records was 5% for both control subjects and diabetic patients. The average bio-
Statistical analysis
Results are presented as means _+ SEM. Before statistical analysis of the results, we considered only the right eye P-ERG amplitudes in control subjects, because the intereye correlation of the latter subjects was significant. On the contrary, the intereye correlation in our diabetic population was not significant for each spatial frequency. We therefore used a two-eye statistical analysis according to Ray and O'Day [18] . In the normal group, we confirmed by normality test the normal distribution of P-ERG amplitude data. Statistical evaluation of the data was performed with the correlation between the two eyes of a subject, unpaired Student's t-test for comparing the age and sex of the groups, one-way analysis of variance (ANOVA), and multiple regression analysis.
Results
T h e r e was no significant difference b e t w e e n the diabetic and control groups for sex and age at the time of the study. Figure 2 (left column) shows r e p r e s e n t a t i v e e x a m p l e s of s t e a d y state P -E R G r e c o r d e d in a n o r m a l subject at different spatial frequencies. F i g u r e 3 shows the individual P -E R G responses for each spatial frequency in diabetic patients, the n o r m a l range area, and m e a n s of control and diabetic subjects. M e a n P -E R G a m p l i t u d e s of control subjects are spatially Multiple regression analysis was p e r f o r m e d with P-E R G a m p l i t u d e for each spatial f r e q u e n c y as the dep e n d e n t variable and age at onset, d u r a t i o n of diabetes, and H b A l c values b e f o r e the test as the i n d e p e n d e n t variables. We f o u n d a significant negative correlation ( r = 0 . 
Discussion
Visual function has recently been receiving increased attention for its use in detecting neurosensory deficits in diabetic patients with no or early retinopathy [19] . An abnormal electroretinal function can be detected by oscillatory potentials, conventional uniform-field flash-ERG [4, 5] , and P-ERG [8, 9, 20, 21] . However, flash-ERG responses reflecting the activity of the entire retina do not evaluate macular function as well as the P-ERG. The P-ERG can be useful to directly estimate the activity of the central retinal area [12] . P-ERG abnormalities can be observed in ganglion cell dysfunctions [22] [23] [24] . However, the integrity of more outer retinal elements is also required for P-ERG generators. An impairment of photoreceptors, bipolar cells, amacrine cells, and horizontal cells may contribute to P-ERG reductions. Although a dysfunction of all inner retinal cells cannot be excluded, the interference with normal excitation from cone cells to their ganglion cells seems to be unlikely. In fact, receptor function in early diabetes [25] and in disorders affecting selectively ganglion cells [26] has been found to be normal. Previous studies [8, 9, 20, 21] have not systematically evaluated the amount of P-ERG reductions as a function of spatial frequency. Moreover, abnormal P-ERG responses were observed in diabetic patients after the appearance of the microvascular retinal damage. In this study, we recorded the steady state P-ERG as a function of this stimulus parameter to evaluate possible selective dysfunctions in early diabetes. P-ERG spatial selectivity depends on the specific stimulation and/or recording technique used to obtain the response and can only be demonstrated under a relatively narrow range of stimulus conditions [27, 28] . The use of fast-reversing gratings rather than slow-reversing checkerboards as a stimulus [14, 15] combined with Fourier analysis of the steadystate responses [17] may help reveal P-ERG spatial selectivity as well as improve the diagnostic sensitivity of this technique.
Retinal ganglion cells functionally exhibit different characteristics of their receptive fields depending on soma and dendritic tree size [29, 30] . Cells with large receptive fields are better stimulated by lower spatial frequencies, whereas ganglion neurons with small receptive fields are preferentially stimulated by higher spatial frequencies. P-ERG generators can show a selective vulnerability to several diseases (e. g., early glaucoma [31] and optic neuritis [14] ), in which spatial frequency-dependent P-ERG abnormalities have been found.
In early diabetes, our results show that a P-ERG selective impairment might be attributed to a dysfunction of subpopulations of retinal ganglion cells. Spatial frequency-dependent losses [1] [2] [3] have been shown by using contrast sensitivity gratings and Snellen letter charts (i. e., a test employing white cardboard with black letters) in diabetic patients only after the onset of clinically detectable retinopathy. Regan and Neima [3] hypothesized that ganglion cells with a large receptive field were more vulnerable to functional loss, since a great number of the dendritic processes could more easily lose their ability to transmit neural signals [32] . Our results show that the use of alternating gratings with our electroretinographic procedure, rather than that with subjective psychophysical tests yields a greater number of functional losses which may occur in the inner retinal layers.
These retinal dysfunctions, whose mechanisms are not fully understood, are probably due to insulin deficiency and/or hyperglycaemia that play a fundamental role in the development of diabetic retinopathy. Very slowly progressive metabolic alterations develop after a long latent period until clinically detectable diabetic retinopathy finally appears. A recent interesting study in diabetic rabbits demonstrated that the biochemical mechanisms underlying the functional disturbances cannot be secondarily attributed to changes in the microcirculation because the rabbit retina is avascular [33] . Although the predictive value of impaired ganglion cell function for either the subsequent development or clinical course of diabetic retinopathy has not been established, P-ERG reductions indicate an increasing vulnerability to the development of retinopathy.
In this study, P-ERG responses were inversely correlated with age at onset of diabetes. This result is consistent with previous findings in which P-ERG amplitude is lower in older than younger normal subjects [34] . P-ERG amplitudes were also correlated with duration of diabetes only at the peak spatial frequency (1.4 cycles/deg). Early lesions can be associated with the duration of the disease [35] . The course of diabetes may progressively increase the vulnerability to the development of vascular injuries, according to P-ERG amplitude reductions.
In conclusion, our findings indicate spatial frequencydependent abnormalities of the P-ERG in Type i diabetic patients who have no signs of retinopathy. This suggests a selective vulnerability of inner retina elements (i. e., ganglion cells with larger receptive fields) which respond preferentially to medium and large size stimuli.
